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Abstract 
The temperature distribution in a reciprocating combustion engine has an impact on its wear and thermal efficiency. Uneven 
material properties, varied geometry, diverse heat loads and flow conditions make it unfeasible to use a simple analytical 
mathematical model that covers the heat transfer. The numerical steady state heat transfer model was used to calculate the 
external surfaces heat transfer coefficient and to develop two transient coupled models - one for the temperature distribution and 
one for engine’s transient in-cylinder processes, including a combustion and species transport sub-models. The methods intended 
to decrease a computational time for a transient temperature equilibrium were used. The paper discusses the research results on 
a high power air-cooled aircraft radial engine. A temperature distribution was investigated in different model regions. A lumped 
heat transfer model was developed for engine walls. 
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1. Introduction 
The computer simulations of chemical, physical and thermodynamics phenomena aim to reflect the real word as 
much as possible. Many complex processes that have the same influence have to be included, especially if a simple 
mathematical model insufficiently describes a given case (e.g. complex geometry aerodynamics), or where the 
labour-consumption and intricacy are too high for an analytical modelling (e.g. 3D conduction in complex 
geometry). There are cases that are not sufficiently described by a continuous function and where strong non-
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linearity occurs. A model becomes impractical as its error margin increases if more component parameters are 
added. Therefore, a mathematical model is a simplified mathematical construction that describes the reality for a 
particular purpose. An engine cycle simulation is a similar case. The attempt to govern all phenomena and 
correlations in the engine operation is not feasible or stable enough. Phenomena that have a small influence on 
analysed quantities are omitted and every process is simplified, to yield a computational time, increase stability and 
achieve feasible results. In this research complex model calculations were performed, in order to find out the 
temperature distribution and heat transfer under engine’s maximum power conditions (take-off power). The 
assumption is made that temperature has a negligible impact on the heat transfer coefficient for external engine 
surfaces under convective flow conditions. Accordingly, an external surface HTC simulation can be distinguished as 
a separate simulation named “CFD#1”. Fig. 1a presents computational models classification. The CFD#1 is 
conducted as a steady state simulation under subsonic uncompressible flow conditions. The CFD#1 simulation 
output data consists of the heat transfer coefficient map and reference temperature TĞ2. HTC field is mapped as a 
static boundary condition on the external engine surfaces in the simulation named “CFD#2”. The CFD#2 and CFD#3 
models are transient. They are coupled in terms of heat transfer and time by ACCI synchronization as shown in fig. 
1b. The Heat transfer coupling is based in heat flux exchange. Not direct, but in means of HTC, wall and reference 
temperature. The flow of these parameters is presented in fig. 1a. HTC and reference temperature are being sent 
from the CFD#3 to CFD#2 simulation, while the wall temperature is returned back in a reverse way. This kind of 
heat exchange is more numerically stable than the direct heat flux exchange [1]. 
   
 
Figure 1. (a)Schematic of three numerical simulation models: Steady state cooling air flow CFD#1 and Transient engine cycle combustion 
CFD#3 coupled with conjugate heat conduction model CFD#2; (b) ACCI time step synchronization between transient engine simulation CFD#3 
and wall heat transfer simulation CFD#2. 
2. Analysis and modeling 
2.1. Heat transfer coefficient model “CFD#1” 
The geometry of engine surroundings has a major influence on the conditions of air flow through cylinder and 
head cooling fins. The In-depth analysis is presented in papers [2] and [3]. The Boundary conditions are based on 
international standard atmosphere calculations for certain flight conditions. The altitude is set as 1.5 km above sea 
level, relative air velocity as V0 = 60 m/s, effective power that is translated to the propeller as Pp = 605 kW and 
propeller sweep area as Sp=8,36 m2. The air flow behind the propeller can be calculated with aid of Froude’s 
Momentum Theory as V=72m/s. The flow around the engine surfaces is an external flow, so thermodynamically the 
system comes back to its original form. Accordingly, the reference temperature for HTC calculations is defined as 
the inlet temperature of the computational domain (288.15 K). 
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Nomenclature 
TDC Top Dead Center of a cylinder piston position; 
CA  Crank Angle;  
݊  Perpendicular direction to an isothermal surface; 
Ζ  Time correction coefficient for transient heat simulation 
ߟ௙തതത  Overall average fin effectiveness, 
ACCI AVL Code Coupling Interface, 
HTC Heat Transfer Coefficient. 
2.2. Coupled walls conduction model „CFD#2” 
The CFD#2 model is responsible for conductive heat transfer numerical calculations in the cylinder and cylinder 
head computational domains. Both of these engine parts are made of different materials. Multi material properties 
are implemented in the model by dividing the computational domain into to sub-domains, coupled by conformal 
interfaces. Figure 2 shows selections for simulation boundary conditions. “BND_Liner” and “BND_Komora” 
correspond to ACCI interconnection. The HTC from the CFD#1 simulation is mapped as a static boundary condition 
on surfaces “BND_GLO_Outer_surf” and “BND_CYL_Outer_surf” [4]. 
 
 
Figure 2. Named selections in the CFD#2 transient conduction simulation 
2.3. Coupled engine simulation model „CFD#3” 
“CFD#3 numerical model consists of the changing mesh generated separately for each successive time step. 
Therefore, it is possible to perform a simulation that consists of many consecutive engine cycles and reflects 
unsteady factors like the fuel film formation or internal exhaust gas recirculation. The process of model creation is 
presented in paper [5]. The following assumptions are made: 
x The fluid is compressive and viscous – subsonic conditions; 
x The combustion chamber is perfectly sealed in the regions of piston and valves contact; 
x The influence of oil film and other depositions on the heat transfer is omitted; 
x The Piston, valves and inlet/outlet pipe temperatures are constant; 
x Some engine geometry details are simplified in order to speed up mesh generation and improve mesh quality; 
x The heat transfer on the crankcase side of the cylinder wall surface which is separated from the combustion 
chamber by the piston, is set as convection with a constant HTC and reference temperature; 
x The air/fuel mixture is homogenous. 
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2.4. Heat transfer convergence 
A single engine cycle takes 54.54 ms to complete at the crankshaft rotational speed n = 2200 min-1. The coupled 
model presented in this paper takes around 10 hours to calculate one cycle. If the temperature is to reach its 
maximum stable value (when there is no net change in temperature due conduction), it would take too many cycles 
to simulate. Excessively long computational time makes such simulations unreasonable. The engine takes many 
minutes to reach its steady state temperature field. In this case 1 minute of engine running consists of around 1100 
cycles (each cycle takes 720° CA to complete). Assuming simulation takes 10 hours per 1 cycle, one minute of 
engine running would take 11000 hours of simulation, which is unfeasible. Therefore, some actions are made to 
shorten computational time. In order to speed up the rate of change of a temperature field in conductive material the 
heat capacity can be scaled down by factor ζ. The steady state temperature field of a material is mainly dependent on 
its thermal conductivity according to the Fourier’s law. The transient behaviour of conduction depends on a material 
specific heat and density. Specific heat can be expressed as an intensive quantity that describes the ability of this 
material to hold heat energy. In the simulation, the specific heat capacity for aluminium and steel has is set as 990 
J/kgK and 460 J/kgK respectively. Conduction can be expressed by the universal heat transfer equation (eq. 1) 
which is valid for uniform solid materials. It can be applied after discretizing a computational domain into small 
elements.  
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The last component of the equation takes into account the influence of time on transient heat transfer. The 
following transformation can help to prove why decreasing the value of heat capacity results in the decrease of time 
required to change the temperature field: 
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Equation 2 proves that the change of temperature over time is inversely proportional to the change of heat 
capacity. 
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Therefore, when the case is considered with a constant time step δt, the decrease of heat capacity will result in the 
more significant temperature change over a given time interval. This means less cycles need to be calculated in 
order to reach the steady temperature field. Nevertheless, the change of heat capacity will affect the enthalpy field in 
the conduction simulation domain according to the equation: ݄݀ ൌ ܿ௣݀ܶ (4). Therefore, scaling factor ζ has to be 
considered when transferring coupling variables that are linked with the temperature field. For this simulation 
scaling factor ζ equals 320. Consequently, it took around 20 computational engine cycles only for the temperature to 
reach a steady condition. As soon as a steady temperature is reached, the scaling factor can be reverted to 1 to be 
able to investigate a transient in-between cycles heat exchange behaviour. The temperature field can later be mapped 
as a static boundary condition when in-cylinder processes are analysed [6] [7] [8]. 
3. Results and discussion 
The quality of the simulation results depends on many factors related to model preparation and correct problem 
formulation. Applying highly complex models always involves balancing between result fidelity and computational 
time. With a steady increase of computational power over time available, it is possible to deal with bigger and more 
complex models. Therefore, in order to be certain that simulation results are accurate it is indispensable to perform 
a verification. The CFD#3 simulation is intended to calculate chemical and thermodynamic fluid properties over 
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multiple engine running cycles. The model is developed based on known measured engine parameters, mainly from 
the engine test stand measurements. The main parameter that describes the operation processes in combustion 
engines is pressure measured in a combustion chamber. Figure 3 presents the comparison between the real engine 
running pressure measurement and simulation results. The measurement was performed with a fibre optic pressure 
sensor. 
 
 
Figure 3. Cylinder pressure vs. crankshaft angle with measured and simulated in cylinder static pressure 
Infrared images were taken during engine running under take-off power conditions. If the comparison is 
evaluated some differences in the cooling conditions of both cases should be considered. The flight condition in the 
simulation assumes that an aircraft is in motion relative to the air. Therefore, cooling air velocity is not only induced 
by a propeller but it also results from the free stream positive velocity. The IR images were taken when the engine 
was placed on a test stand. Therefore, the cooling conditions were slightly worse. This can be judged from the 
higher temperature on the following images. Figure 4a presents the thermographic image of the third cylinder (right 
side of the picture) and simulation results (left side), taken from the rear side of the engine. The unified scale 
temperature field is presented there. The highest temperature of 370 K can be seen in the region near the exhaust 
duct. Figure 4b presents the temperature field analogically to fig. 4a, but the image was taken from the engine’s 
front side.  
 
 
Figure 4. Temperature distribution on the external engine surface comparison. Engine front view (a) and engine rear view (b) 
3.1. Transient heat transfer 
The process of increasing enthalpy of the body under certain conditions can be described by a lumped system 
analysis. The criteria in such a model is Biot number Bi<0.1 calculated basing on equation 5. 
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It has been assumed that characteristic length Lc is described as a volume/surface area ratio. The Biot number for 
an engine head and cylinder does not exceed the value of 0.1 if fins are not taken into account. The impact of fins 
has been accounted by introducing unevenness correction [9]. 
3.2. Deriving a lumped model 
The lumped system model has been modified to account for convective heat transfer on both sides of the engine 
walls. Combustion chamber side described by ஶܶଵǡ ݄ଵǡ ܣଵ and finned external side described by ஶܶଶǡ ݄ଶǡ ܣଶ. Based 
on the energy balance equation the following equation was formulated: 
 
 െ௠ή௖ఎ೑തതതത ή
ௗ்
ௗ௧ ൌ ݄ଵܣଵ߶ଵ ൅ ݄ଶܣଶ߶ଶ (5) 
 
where: 
 
 ߶ଵ ൌ ஶܶଵ െ തܶ  (6)     
 
 ߶ଶ ൌ ஶܶଶ െ തܶ  (7) 
 
Figure 5 presents the analysis. The Left of the wall describes the combustion chamber/crankcase convection, 
whereas the right side describes the cooling air convection. The assumption behind the lumped is that the body has 
a uniform temperature throughout. In order to compensate unevenness caused by fins, mean fin performance 
coefficient ߟ௙തതതwas introduced. The variables were separated and the following assumptions were made: dT=߶ଵ (9) 
and ߶ଶ െ ߶ଵ ൌ ஶܶଶ െ ஶܶଵ  (10).  
R1 R3 R2
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h1
convection conduction convection
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Figure 5. Finned body for lumped transient heat transfer considerations 
The following equation were formulated: 
 
 ܽ ௗథభథభା௕ ൌ ݀ݐ (8) 
where: 
 ܽ ൌ െ ௠௖ఎ೑തതതതሺ௛భ஺భା௛మ஺మሻ  (9) 
 
 ܾ ൌ ௛మ஺మሺ்ಮమି ಮ்భሻ௛భ஺భା௛మ஺మ   (10) 
The integration of equation 11: 
 ܽ ׬ ௗథభథభା௕
థభ
థభ೔೙೔
ൌ ׬ ݀ݐ௧௧బ  (11) 
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After the integration in limits that correspond to initial conditions (eq. 16 and 17), the equation for temperature 
against time was developed (eq. 18). 
 
 ߶ଵ௜௡௜ ൌ ஶܶଵ െ ஶܶଶ  (12) 
 
 ݐ଴ ൌ Ͳ  (13) 
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The structure of equation 19 enables the power-law approximation (eq. 19). 
 
 ݕሺݔሻ ൌ  ή ܤ௫ ൅ ܥ (16) 
 
Figure 6a presents how temperature changes over time based on the conjugate heat transfer simulation results. 
Based on the relationship presented in equation 3, the time was corrected by coefficient ζ. The temperature data can 
be approximated by a power-law function. The temperature equation takes the form of: 
 
 ܶሺݐሻ ൌ ܣ ή ܤ௧ ൅ ܥ (17) 
 
The approximation coefficients are presented in table 1. 
Table 1. Curve approximation constants 
location curve fit constants 
 B A C R2 
Cha. S. 0,9882 -79,55 389,19 0,88 
Liner S 0,9896 -41,09 346,38 0,75 
Cha. av. 0,9912 -64,51 365,21 0,99 
Liner av. 0,9901 -31,66 337,33 0,91 
 
Equation 17 enables to specify some correlations. A, B and C coefficient equations can be developed (eq. 18, 19, 
20). They allow us to estimate certain parameters in an engine warm-up process. 
 
 ܣ ൌ ஶܶଶ െ ஶܶଵ െ ܾ (18) 
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భ
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Coefficient A describes the maximum temperature under steady thermal conditions, when ݀ܶȀ݀ݐ ൌ Ͳ. Figure 6b 
presents inner cylinder surface temperature point cloud data from CFD#2 conduction simulation. The piston motion 
causes variable heat transfer conditions, especially on the cylinder surface. As shown in figure 6b the temperature 
distribution along the cylinder axis is linear in nature. The unevenness of temperature distribution along cylinder’s 
circumference is caused by external cooling air flow conditions. The heat transfer coefficient for the internal 
combustion chamber surfaces change majorly with the change of crank angle. Figure 7a presents HTC for chamber 
and liner surfaces. The chamber surface includes the intake and exhaust duct surfaces. This analysis doesn’t contain 
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the influence of heat transfer on the crankcase side of the piston. Relatively high values of HTC for gas are caused 
by high pressure, high mean piston speed, and in-cylinder turbulence [9] [10] [11] [2] [12].  
 
 
Figure 6. (a)Temperature distribution along the axial cylinder length; (b)Conjugate heat transfer simulated temperature, measured as the surface 
mean value at inner engine surfaces and as head/cylinder volume mean value. 
The HTC is higher for the cylinder than chamber due to high relative flow velocities imposed by piston action. 
For the chamber surface the HTC value peaks during combustion and the opening of the exhaust valve. Combustion 
increases HTC because of the increased entropy and combustion induced turbulence. It was assumed that the 
reference temperature for heat transfer coefficient considerations is defined as the mean in-cylinder temperature 
(figure 7b). The temperature varies vastly between 400 K and 2400 K. Inhomogeneous and unsteady thermal 
conditions in the combustion engine make a heat transfer analysis more dependent on numerical calculations in 
order to gain some accuracy [13] [14] [9]. 
 
 
Figure 7. (a) Mean convective heat transfer coefficient vs. crank angle; (b) Mean in-cylinder gas mixture temperature vs. crank angle position. 
4. Conclusions 
In combustion engines, roughly 30% of heat generated in combustion escapes through an engine cooling system. 
In an air-cooled engine, the amount of heat transferred is dependent on cylinder and head finned surfaces. Weak 
engine cooling may cause adverse effects in terms of cylinder surface tribology and mechanical strength. High 
temperature hot spots can appear that cause knock combustion. Weak cooling results in a shorter engine warm-up 
phase, which is advantageous in means of cylinder wear. Higher wall temperature improves thermal engine cycle 
efficiency. On the other hand, if the engine cooling process is exaggerated, lower thermal efficiency and higher 
cylinder wear can be observed. Therefore, a cooling system that is adequate and optimal in terms of engine 
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reliability and efficiency, has to be designed based on a complex heat transfer analysis. In order to find out the 
influence of certain parameters on engine warm-up, a modified lumped system model was developed. The main 
advantage of this kind of model is its reduced complexity because conduction component is eliminated in the heat 
transfer energy equation. In order to gather energy equations including three dimensional conduction, a model 
discretization has to be performed where a coupled heat transfer analysis plays an important role. The engine’s 
warm-up phase takes some time to reach a steady temperature field. It can take even 300s from the engine start-up. 
Because of numerical calculation limitations and the necessity to use a very small time step (especially during 
combustion process where vast energy transfer occurs), it is crucial to use methods intended to decrease the number 
of cycles required to reach a steady temperature field. The method presented in this paper makes computer 
simulation more practical and attractive in a conjugate heat transfer analysis, especially when time limitations occur. 
The use of a complex coupled engine model often requires more model preparation time and computational time. If 
only an engine cooling system analysis is required, the model can be split to stand-alone simulation. The mean heat 
transfer coefficient and reference temperature can be exported from the engine running simulation and mapped as a 
static or time dependent boundary condition. 
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